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Residual Current Detection Device 



This invention relates to a residual current correction device for use in a 
circuit breaker. 

Conventionally, residual current correction is detected utilising a current 

transformer having primary windings through which, in the case of a 

single phase device, load current flows in opposite directions so that if the 
return current is different from the outwardly flowing current because of 
current leakage an output voltage signal is induced in a secondary winding 
of the transformer. In the case of a multi-phase device, primary windings 
of the transformer are connected in all of the phase lines and the neutral 
line, in normal situations, when there is no current leakage, the net 
current in the lines is zero so that no output voltage is zero. 

Sophisticated materials have been developed for the core of the current 
transformer, which enable considerable accuracy to be obtained when the 
currents flowing in the primary windings are substantially sinusoidal. 
However, switch mode power supplies are often used for computers and 
other equipment and there is an increasing tendency for such equipment 
to cause dc offsets in the currents. Such developments have made 
detectors utilising current transformers less reliable and prone to false 
tripping or failure to detect a dc current leak. 

This is a particular problem in the case of directly actuated electro- 
mechanical devices, where the current transformer secondary actually 
drives an actuator. The situation is not much improved, when by 
including an electronic detection and amplification means connected to 
the secondary winding, as there are still problems with high frequency 
transients and dc offsets. A very small dc current level can cause the core 
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to saturate thereby seriously impairing the ability of the detector to detect 
current leakage. 

It is an object of the present invention to provide a residual current 
detection device in which the above mentioned problems are substantially 
overcome in a simple and efficacious manner. 



In accordance with the invention there is provided a residual current 
detection device comprising a plurality of resistive shunts for connection 
in respective ones of a plurality of lines though which current can flow to 
and from a load, and detector means sensitive to the voltage developed 
across each of the shunts to detect any imbalance between the currents 
flowing though the shunts. 

Preferably, the detector means comprises an analog to digital converter for 
each shunt and a processor for receiving the digital signals from the 
converters and determining whether a current imbalance exists. 

Each shunt preferably takes the form of a composite strip having 
conductive portions at its ends and a resistive portion interconnecting the 
conductive portions. Such composite strips can be mass produced 
inexpensively to very high tolerances which makes them extremely 
suitable for this purpose. 

The analog to digital converter for each shunt may include a delta-sigma 



modulator, which generates a high frequency single digital data stream 
which is converted by decimation filtering to a multibit digital data stream 
at a lower frequency. 

The analog to digital converter for each shunt is preferably connected to 
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the processor through an isolation barrier so that the converter can float at 
the voltage level of the shunt which it serves. The decimation filtering 
may be effected entirely in the converter, entirely in the processor or split 
between the converter and the processor. 

In the accompanying drawings: 



Figure 1 is a diagrammatic perspective view of an example of the 
invention as applied to a single phase device and 

Figure 2 is a block diagram of an another example of the invention as 
applied to a three phase device. 

In the device shown in Figure 1, a substrate 10 supports two composite 
conductor strips 11, 12. Each of these includes end portions 1 3 of copper 
and an intermediate portion 14 of a resistive material such as manganin. 
The strips are formed by slicing up a sandwich formed by electron beam 
welding the copper portions to opposite sides of the manganin portion. 
The shunts formed by the resistive portions manufactured by this method 
can have a nominal resistance of 0.2mQ to a tolerance of less than 5%. If 
the two shunts 14 used on one device are pressed from adjacent portions 
of the sandwich stock, they are matched to within 27o. Calibration of the 
shunts built into a unit at two different temperatures can virtually eliminate 
shunt errors. 



In the example shown in Figure 1, there is a separate signal pre-processing 
ASIC 1 5 mounted on each of the shunts 14 and connected to the copper 
end portions 1 3 of the associated conductor strips. The two ASICs 1 5 are 
connected to via an isolation transformer array 1 6 to a main processor 1 7. 
The ASICs 15 operate to convert the two voltages across the shunts into a 
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digital signal stream which is communicated to the processor 1 7 via the 
isolation transformer array. The main processor is programmed to provide 
a drive signal to a trip actuator 18. 

Figure 2 shows in rather more electrical detail a three phase device. In 
this case there are four shunts 14, one in each phase line and a fourth in 
the neutral line. The ASICs 1 5 of Figure 1 are shown as four separate 
blocks 20, 21, 22, and 23, and there is a power supply unit 24 which 
draws power from the phase lines on the mains side of the shunts 14 and 
provides controlled voltages to the processor 1 7. Power is supplied to the 
four blocks 20 to 23 via isolation barriers 25 which make up the array 16. 
Each block of the ASIC includes an analog to digital converter in the form 
of a delta-sigma modulator which provides a high frequency one bit digital 
data stream. A multiplexer may be included in each converter so that the 
converter can provide to the processor, through the respective isolation 
barrier, signals representing both current in the associated shunt and the 
voltage at one end of it. The processor uses these signals to monitor the 
current in each shunt and to operate the actuator 18 if an imbalance 
occurs. 

It will be noted that the voltage sensing connections to the ASICs are made 
via resistor chains connected between each phase line and the neutral. 
Each such resistor chain comprises an outer pair of precision resistors of 
relatively low ohmic value and an intermediate resistor of relatively high 
ohmic value. These resistor chains allow the RCD to be provided with an 
independent reference. If the neutral ADC is taken as the selected system 
reference, then the operating software of the main processor can use the 
multiple signals derived from the several resistor chains to calibrate each 
phase against the neutral reference. 
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The CPU is programmed to carry out the necessary calculations to 
determine the existence of an imbalance and can determine the true RMS 
value of the residual current, which conventional devices fail to do 
correctly particularly in the case of non-sinusoidal current waveforms. The 
CPU may be programmed to enable it to determine from the data it 
receives whether a particular event is, in fact, an unacceptable leakage 
more reliably than conventional devices. For example, the CPU can take 
into account the historic performance of the unit when setting the leakage 
current threshold and may ignore events which have a recognisable 
"signature". In this way improved tolerance to nuisance tripping can be 
obtained 

Decimation filtering of the high frequency one bit data stream is required 
to reduce each data stream to a multi-bit digital signal at a predetermined 
sample frequency. By way of example, each current signal may be a 23- 
bit signal at a sample rate of 64 times the mains frequency, but lower 
resolution at lower sample rates can be employed when non-linear, rather 
than linear conversion is acceptable. The decimation filtering is typically 
a function of the processor, filtering of the four data streams being 
executed simultaneously so that sample values are derived for all four 
shunts simultaneously. 

In alternative embodiments, one or more stages of the decimation filtration 
may be executed by hardware included within the ASIC. Multi-bit digital 
words are transmitted serially across the isolation barriers instead of a one- 
bit signal stream. 

The arrangements described enable very accurate detection of current 
imbalance to be effected even in the presence of switching transients and 
DC offsets. The problems which arise from potential saturation of the 
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current transformer core are avoided completely. 

Since the CPU receives actual line current and voltage data from each of 
the blocks 20 to 23, it can be programmed to perform other calculations, 
such as current limit and power consumption. Thus an RCD device 
constructed as described above can also provide the functions of a 
conventional circuit breaker and/or those of a power consumption meter 
without any additional sensing or analog-to-digital components being 
required. 
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Again, the detector must provide an output at a particular point in the envelope, for example 
at peaks, and again, jitter needs to be minimised. 

The disparities computed may need integrated across time, across channels, and across the 
different detectors, prior to being used. In addition, IIDs may be computed for each channel, 
and this together with the integrated disparity measure may be used to produce a direction 
estimate for each channel. This may be displayed to the user as a map, in a form such as that 
in figure 3. 



The display shows the azimuthal direction of the different incoming sounds (though not 
whether the sound is ahead of or behind the user). This, on its own could be used to draw 
attention to features of the auditory environment. It can be made much more useful to the 
hearing impaired by permitting them to interact with it to select the information to be 
presented to them by the hearing aid itself. How this is best achieved will depend on factors 
which will vary from user to user, such as whether they are willing to use their hands to 
interact with the system, or would prefer to interact only by turning their heads. 

Two modes of sound selection are embodied. In the preferred embodiment, the user turns to 
face the (known) source of the sounds in which they are interested. The sounds to be selected 
are then those with low ITD and IID. In another embodiment, a map of the incoming sounds 
is produced and displayed, and the user selects the sounds to be presented. 

Figure 3 shows one possible form of display. The display takes the form of a semicircle, 
because the system cannot distinguish between sounds from in front and behind. The user 
interacts with the display, selecting a particular direction (e.g. by touching the display) from 
which they wish to be presented with sounds. The display returns the angle selected, and this 
is then processed. 



The information to be presented to the user may be presented monaurally or binaurally. The 
following discussion, illustrated in figures 4 and 5, assumes monaural presentation. The 
result of the user's interaction with the interactive display is an angle, 9 between -nil and 
4-K/2 or 0, if the user requests only those sources directly ahead. This angle is used to 
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compute the expected IID and ITD for signals from that direction. The ITD estimate is ~' 
compared with the ITD computed by the three disparity calculators in each channel.For each 
channel, these three values are used to compute an estimate of that channels contribution 
produced by sources from that direction. For each ear, these estimates are normalised (to a 
length of 1), and this vector (ControlLMix for the left ear, and ControlRMix for the right ear) 
used to control a mixer. This produces two multichannel outputs, OutDataL and OutDataR. 

These are then mixed together in a ratio determined by the expected IID. This takes account 

of the fact that for sourrrs with , [ e | r> ^/^\^ , one ear will roccivc a much 

stronger signal than the other. The resultant output, OutData, is a multichannel signal, 

suitable for visual display. For auditory presentation, the signals in the different channels 

need to be added together in a way which reflects the user's hearing deficit. ^ 

Exactly how the selected sounds are presented to the user depends very much on the sensory 
faculties of the user. If there is sufficient residual hearing, then selective amplification may 
be most suitable; if the residual hearing is restricted to particular frequency bands, then 
resynthesis may be more appropriate. It may also be possible to mix these two techniques. 
Alternatively, presentation may use the visual modality. 

The selected sound, produced as outlined in figures 4 and 5 can have some channels 

selectively amplified to make up for the hearing deficit. The resulting sound may be 

presented (a) monaurally, if there is only sufficient residual hearing in one ear, or (b) 

binaurally if there is sufficient residual hearing in both ears. In this case, we would present (f? 

the data from OutDataL to the left ear, and from OutDataR to the right ear. 

Additionally, we can still use the ControlLRMix signal to alter the gain on the signals from 
the two ears. 

wnere the residual hearing is restricted to a small part of the auditory spectrum, or, indeed, 
where the presentation takes place through an implant, it may be more appropriate to 
resynthesize the sound to take advantage of whatever hearing is available. Again, the signal 
we start from is the OutData signal. 
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Where there is little or no residual hearing, we would present the information from the sound 
in one particular direction visually. This would use a colour display to present information 
about how the power of the sound was distributed over the spectrum. 

One possibility (which does not use the interactive display, but displays all the incoming 
sound) would be to choose the colour to match the ITD, and to make the intensity reflect the 
strength of the signal. 

Alternatively, one could use the inte r active display to select the diieutiun uf Llie sources to be 
presented, and use the colour of the display to show the presence and pitch of amplitude 
modulation, keeping white for non-amplitude modulated areas of the spectrum, and again 
using the intensity to show the signal strength. This would use information present in figure 
5, but not used in the auditory presentation. 

The interactive system needs to work under strict real-time constraints. In addition, the 
system needs to be light, and wearable, and to run with a low power consumption. Most 
current sophisticated hearing aids use digital signal processing (DSP) techniques. DSP 
circuits are generally organised as reconfigurable fast parallel multipliers and adders. This is 
highly appropriate for convolution computation, and is highly effective for e.g. digital 
filtering. Non-linear operations are also possible on such chips. However, although DSP 
technology is very fast, it is not inherently parallel, and we wish to process multiple channels 
simultaneously. In addition, there is a speed/power tradeoff. 

An alternative technology is subthreshold analog VLSI (C. Mead . Analog VLSI and Neural 
Systems . Addison-Wesley, 1989). This technology works at extremely low power levels, 
and this allows highly parallel circuits which operate at low power to be designed. In 
addition, the exponential characteristic of one of the basic components, the transconductance 
amplifier, mirrors the characteristics of the biological system rather better than either digital 
on/off switches, or more linear analogue devices. 

Sound detection may be through microphones. Alternatively, direct silicon transducers for 
pressure waves may be used. In the preferred embodiment there are two microphones, 
mounted on the user's ears (either behind the ear, or in the auditory canal). The microphones 
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should be omnidirectional: we need to receive signals from all directions so we can estimate 
the directions of sound sources. 

We describe here one possible neuromorphic implementation of some of the processing 
described above, though it is understood that this implementation is given by way of example 
only and is not intended to limit the scope of the invention. This processing takes place in 
stages. For the input from each ear, the first stage (after transduction) is cochlear filtering, 
and this is followed (in each bandpassed channel) by (in parallel) pitch phase detection, and 

f^nvp.lopp . prnrpssing (i e , amplitude modulation phase detection and onset detection). The 

results of all of this processing (for all channels, and for both ears) are used to generate ITD 

estimates for each feature type for each channel. This information is then used in determining 

what should be presented to the user, as described in figures 4 and 5. ^ 

The use of neuromorphic technology for real-time cochlear filtering goes back to R.F. Lyon 
and C. Mead. An analog electronic cochlea. IEEE Transactions on Acoustics, Speech and 
Signal Processing , 36(7):1119--1134, 1988) and has been extended by J. Lazzaro 

and C. Mead Silicon modeling of pitch perception Proceedings of the National Academy of 
Sciences of the United States, 86(23):9597--9601, 1989 , i and AV. Liu, A.G. 

Andreou, and Jr. M.H. Goldstein. Analog cochlear model for multiresolution speech analysis. 
In Advances in Neural Information Processing Systems 5, pages 666-673, 1993, and W. 
Liu, A.G. Andreou, and Jr. M.H, Goldstein. Voiced speech representation by an analog 
silicon model of the auditory periphery. IEEE Trans. Neural Networks, 3(3):477--487, 1993 , 

L. Watts Cochlear Mechanics: Analysis and Analog VLSI PhD thesis, California ^ 
Institute of Technology, 1993 , and more recently by . E. 
Fragniere, A. van Schaik, and E.A. Vittoz Design of an analogue VLSI model of an active 
cochlea Analog Integrated Circuits and Signal Processing , 12:19-35, 1997 .. The 
advantages of the neuromorphic solution are that it is inherently real-time, and low power, 
unlike DSP implementations. It is not yet possible to achieve as high a quality factor ( O ) 
or"as many stages as achieved by the human cochlea, but the most recent techniques (A. van ' 
Schaik. Analogue VLSI Building Blocks for an Electronic Auditory Pathway. PhD thesis, 
Ecole Polytechnique Federate de Lausanne, 1997) can provide 104 stages using a second 
order low-pass filter cascade. 
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Pitch phase detection in animals relies on population coding by spiking neurons which are 
more likely to spike at a particular phase of the movement of the basilar membrane, 
Neuromorphic implementations of this are discussed in W. Liu, A.G. Andreou, and Jr. M.H. 
Goldstein Voiced speech representation by an analog silicon model of the auditory periphery 
IEEE Trans. Neural Networks, 3(3):477--487, 1993 and in techniques (A. van Schaik. 
Analogue VLSI Building Blocks for an Electronic Auditory Pathway. PhD thesis, Ecole 
Polytechnique Federale de Lausanne, 1997), where a version of Meddis's hair cell model* 
(M.J. Hewitt and R. Meddis An evaluation of eight computer models of mammalian inner 

hair-cf?ll funct i on, Journal of the Acoustical Soci e ty of America, 90(2) ; 904"-917, 

1991) is implemented. In both these cases, both the tendency to synchronize with the input 
signal below about 4Kh2, and the rapid and short-term adaptation are modelled. 

However, if the aim is simply to encode the phase of the signal emanating from each 
bandpass filter, then one possible technique would be rectification followed by peak 
detection, or alternatively, simple positive-going zero crossing detection. Either of these can 
be easily accomplished using neuromorphic techniques. In J. Lazzaro and C.A. Mead. A 
silicon model of auditory localization. Neural Computation, l(l):47-57, 1989 a model of 
the barn owl's auditory localisation system is implemented neuromorphically using a detector 
sensitive to zero-crossings of the derivative of the half-wave rectified bandpass filter output. 

Although it would be possible for a neuromorphic system to retain pitch-synchronous 
operation at high frequencies, source direction detection is difficult because of the short 
wavelength of these signals. Matching the peaks leads to ambiguity in the source direction. 
However, if the result of bandpassing the signal at high frequencies is that there is amplitude 
modulation at a lower frequency, then the difference in the phase of the modulation between 
the two detectors may be used. Neuromorphic detection of amplitude modulation (modelling 
stellate cells in the cochlear nucleus) is discussed in A. van Schaik Analogue VLSI Building 
Blocks for an Electronic Auditory Pathway PhD thesis, Ecole Polytechnique Federale de 
Lausanne, 1997 in the context of periodicity extraction. Although the same techniques 
could be used for ITD estimation, it is perhaps simpler to low-pass filter the pitch- 
synchronous phase detector, and generate a pulse on each peak (or on each positive-going 
zero-crossing). 
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Neuromorphic implementation of the onset detector may be achieved using a neuromorphic 
spiking neuron. 

Since there are three independent techniques for ITD computation in each channel (although 
amplitude modulation would not be used below about IKhz, and pitch synchrony would not 
be used above about 4Khz), we are liable to have both a number of estimates at different 
parts of the spectrum, and even a number of estimates at each part of the spectrum. There- 
may be many sound sources at any one time, so that all these estimates may well be correct. 

A mixture of subthreshold analogue, supra-threshold analogue and digital techniques may be 
applied to the production of the neuromorphic implementation of the control signal 
generation and of the mixers. 

What is to be presented will be produced from the OutData signal (or OutDataL and 
OutDataR signals in the case of binaural presentation). Auditory presentation technology will 
preferably use remote generation of the signal, and transmission of the signal to the in-ear 
transducers by wireless technology. In addition, it may be necessary to adjust the spectral 
energy distribution and compress the signal to take best advantage of the residual hearing 
present. For visual presentation, some form of low power flat panel display (such as those 
used in colour portable computers) may be most appropriate. 

Noting that the bandpass characteristic of current neuromorphic filters is not as sharp as we 
would like we may counterbalance this by (i) choosing only those channels for which the 
chosen ITD is most strongly represented and (ii) as well as selectively amplifying these 
channels, subtracting the content of channels in which the ITD chosen is under-represented. 

It will be understood that the embodiments of the invention herein before described are given 
by way of example only and are not meant to limit the scope thereof in any way. 
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